This paper provides insights in the isothermal gelation behavior of white and red chicken myofibrillar proteins (CMP) at different temperatures (20 to 80
INTRODUCTION
The gel-forming ability of myofibrillar proteins is considered to be one of the most important functional properties in processed meat products, as it contributes to texture, structure, appearance, and quality (Ikeda and Nishinari, 2001) . Generally, the thermal gelation of myofibrillar proteins is described as a 3-step process, including (1) the dissociation of the myofibril structure during the solubilization of the myofibrillar proteins in the presence of salt, (2) the partial unfolding of the protein structure during heat treatment, and (3) the formation of a gel network by aggregation of the unfolded proteins via covalent and non-covalent interactions (Benjakul et al., 2001) . Hydrophobic interactions and disulfide formation seem to play an important role during the last step of the thermal gelation process
The presence of different muscle fiber types in muscular tissue has been shown to have a significant impact on the functional properties of myofibrillar proteins. Gelation properties of myofibrillar proteins from various species, including chicken (Xiong, 1992 (Xiong, , 1994 Xiong and Blanchard, 1994a,b; Lésiow and Xiong, 2003; Zhao et al., 2016) , pork (Robe and Xiong, 1993) , rabbit (Boyer et al., 1996a) , beef , turkey (Barbut, 1997; Chan et al., 2011) , hake (Cofrades et al., 1997) , and fish (Benjakul et al., 2001; Yongsawatdigul and Park, 2003; Sankar and Ramachandran, 2005) have been investigated. Nevertheless, these gelation studies were mostly limited to rheological experiments during non-isothermal heating with no or only slight attention to the underlying gelation mechanism. Overall, research regarding the gelation mechanism of myofibrillar proteins is limited, not upto-date, and restricted to experiments with myosin only Samejima et al., 1981; Smyth et al., 1996; Boyer et al., 1996b; Smyth et al., 1998) , or is about fish instead of meat (Benjakul et al., 2001; Yongsawatdigul and Park, 2003; Sankar and Ramachandran, 2005) .
Non-isothermal heating is a dynamic process. This complicates the allocation of the different processes observed to a specific temperature. Isothermal heating, in contrast, is a static process, which provides additional information about all the possible events that can take place at a certain temperature if heated sufficiently long. Even though studies about gelation properties of myofibrillar proteins during non-isothermal heating experiments are abundantly present, information about gelation properties of myofibrillar proteins during isothermal heating is limited. A few researchers have compared the gelation properties of myosin from white and/or red chicken meat during isothermal heating via rheological and/or turbidity measurements . Xiong and Blanchard (1994b) studied the influence of isothermal heating on the rheological properties of chicken white myofibrillar proteins, and Liu, Stevenson and Lanier (2013) investigated the differences in rheological properties between chicken white and fish myofibrillar proteins during isothermal heating. However, a comparative study about the importance of hydrophobic interactions and disulfide formation during the aggregation process, and its relationship to rheological properties of white and red chicken myofibrillar protein during isothermal heating experiments is lacking.
Profound understanding of the mechanism of isoform-associated gelation properties during isothermal heating at different temperatures between different muscle fiber types has yet to be explored. Knowledge of this gelation mechanism is a support on how to steer the gel-forming ability of myofibrillar proteins with different isoform-associated characteristics and is important for the processing, development, and quality of processed meat products in general, and poultry products specifically. The aim of this study therefore was to elucidate the isothermal gelation mechanism of myofibrillar proteins extracted from chicken breast (white) and leg (predominantly red) meat at different temperatures. This was accomplished by investigating the dynamic viscoelastic properties. To further clarify the underlying aggregation and gel network formation mechanism, changes in solubility, surface hydrophobicity, and total sulfhydryl amount upon heating at different temperatures also were analyzed.
MATERIAL AND METHODS

Protein Extraction
Proteins were extracted according to the method of Nuckles et al. (1990) with some slight modifications. Chicken breast (white muscle fiber type) and chicken leg (red muscle fiber type) meat were purchased from a local market. After removing the visible fat and connective tissue, the chicken breast or leg meat was reduced in a blender and homogenized. A weighed portion of fresh chicken breast or leg meat (5 g) was mixed well during 2 min (Ultra-Turrax homogenizer, model T25, IKA-Werke, GmbH, Staufen, Germany) with 8 volumes of sodium phosphate buffer (50 mM, pH 7.4), shaken for 30 min at room temperature (RT) and centrifuged at 9,509 g for 15 min at 4
• C. The supernatants containing the sarcoplasmic (water soluble) proteins were discarded, and the pellet was reextracted 2 times, using the same buffer by vortex mixing for 2 min at RT and subsequent shaking for 30 min at RT. After the extraction of the sarcoplasmic proteins, the myofibrillar (salt soluble) proteins were extracted from the remaining pellet using 8 volumes of a sodium phosphate buffer (pH 7.4, 50 mM) containing 0.6 M NaCl, according to the extraction procedure of the sarcoplasmic proteins. The pellet was re-extracted 4 times. After extraction, the myofibrillar protein extract was dialyzed at 3
• C against deionized water using a dialysis cellulose membrane tubing (molecular weight cut-off = 12.000 Da, Sigma-Aldrich, Bornem, Belgium). The dialyzed protein extracts were frozen and subsequently lyophilized. The protein content of the lyophilized myofibrillar proteins was determined by nitrogen analysis using the Dumas method. The nitrogen mass fraction was multiplied by 6.25 to obtain the protein content (Jones et al., 1942) . The lyophilized samples were stored in a freezer (−18 • C) until further analysis.
For each muscle type, pooled muscle samples from more than 60 chicken breast and 60 chicken leg muscles, bought at different times, were subjected to several extractions to obtain a single, large homogeneous batch of white and red lyophilized myofibrillar proteins, respectively, on which all experiments described below were conducted.
Preparation of Fresh Myofibrillar Protein Solutions
Freeze-dried myofibrillar proteins were suspended in sodium phosphate buffer (50 mM, pH 6.0) containing 0.6 M NaCl to obtain the desired protein concentration in the solution.
Changes in dynamic viscoelastic properties of fresh myofibrillar protein solutions were monitored during isothermal heating. In addition, fresh myofibrillar protein solutions were isothermally heated for 60 min in order to study protein aggregation using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), aromatic surface hydrophobicity, and total sulfhydryl amount, as discussed in the next sections.
Dynamic Viscoelastic Properties
Rheological measurements were performed using an AR2000ex stress-controlled rheometer (TA Instruments, New Castle, Delaware) equipped with a 40-mm parallel plate system. To prevent slippage of the sample, the upper and lower plates were both crosshatched, and the gap was set at 500 μm. A cap was used to cover the samples and to prevent them from dehydration. The AR2000ex was supplemented with an efficient Peltier temperature control system and upper heated plate to control the sample temperatures accurately.
Fresh protein solutions (2%, 1.5 mL) were loaded between the parallel plates after the lower and upper plates were equilibrated at the preset isothermal temperature. The time needed to load the protein solutions before the start of the isothermal heating process was approximately 45 seconds. The protein solutions were kept under isothermal conditions of 20, 30, 40, 50, 60, 70, and 80 • C for 60 minutes. Oscillation measurements were performed at a fixed frequency of 1 Hz and a maximum strain of 0.025. Preliminary strain sweep tests indicated that a strain of 0.025 was within the linear viscoelastic region so that the integrity of gel networks was ensured. Dynamic viscoelastic properties of the myofibrillar protein gels were described in terms of storage modulus (G') and phase angle (δ), directly obtained from the software (Rheology Advantage, TA version 5.7). G' represents a measure of elastic property, a δ of 90
• represents a fully viscous material, while a fully elastic material is characterized by a δ of 0
• (Liu et al., 2007) .
Isothermal Heat Treatment
Fresh myofibrillar protein solutions were kept on ice to obtain a uniform temperature before analysis. Then, protein solutions were held at the desired isothermal temperature (20, 30, 40, 50, 60, 70. and 80 • C) for 60 min in a temperature controlled water bath (Julabo, Seelbach, Germany). Afterwards, protein solutions were immediately transferred to ice so that no further denaturation could occur. After equilibration at RT (20
• C), the heated protein solutions were analyzed for SDS-PAGE, aromatic surface hydrophobicity, and total sulfhydryl amount. Moisture evaporation during isothermal heat treatment was prevented by closing Eppendorf tubes and covering larger test tubes with Parafilm.
SDS-PAGE
Aggregation of myofibrillar proteins during isothermal heating was characterized by using SDS-PAGE. Protein samples were centrifuged after the isothermal heat treatment, precipitating aggregated proteins. The remaining supernatant was separated from the precipitate and further analyzed to substantiate which part of the myofibrillar proteins were involved in the aggregation process. A sample buffer containing 95% (v/v) Laemmli sample buffer and 5.0% (v/v) β-mercaptoethanol (Bio-Rad Laboratories, Inc., Hercules, California) was added to the supernatant (17,000 g, 2 min) of the heated protein sample (1% w/v) at a ratio of 1:1 and subsequently heated at 100
• C for 4 minutes. Samples (45 μl) were loaded on Criterion TM TGX Stain-Free TM precast gels (AnykD ready gels, Bio-Rad Laboratories, Inc.) using a Criterion MT Cell unit (BioRad Laboratories Inc.) and subjected to electrophoresis at a constant ampere setting of 20 mA for 25 min followed by a constant voltage setting of 300 V for about 25 min (PowerPac TM Basic Power Supply, BioRad Laboratories, Inc.) until the dye reached the bottom of the gels. Molecular weight analysis of protein bands was performed using a Molecular Imager R Gel Doc TM EZ System (Bio-Rad Laboratories, Inc.) and Image Lab MT Software 4.0 (Bio-Rad Laboratories, Inc.). Precision Plus Protein TM Unstained Standard (Bio-Rad Laboratories, Inc.) was used as a size marker.
Aromatic Surface Hydrophobicity
Aromatic surface hydrophobicity (S o ANS) was determined with 8-anilino-1-naphtalenesulfonate (ANS) as the fluorescent probe according to the method of Xia et al. (2010) with some slight modifications. A fresh protein sample (0.1%) was serially diluted to protein concentrations ranging from 0.00002 to 0.002%. After the isothermal heat treatment, 20 microliters of ANS (0.8 mM in 0.05 M sodium phosphate, pH 7.4) were added to a 4 mL aliquot of each diluted heated protein solution and mixed well by vortexing. The relative fluorescence intensity of ANS-protein conjugates was measured with a spectrophotofluorometer (Shimadzu RF-1501, Kyoto, Japan). The excitation and emission wavelengths were 390 and 480 nm, respectively, and the excitation and emission slit widths were 10 nm. The initial slope of a plot of the fluorescence intensity as a function of the protein concentration calculated by linear regression was used as an index of protein surface hydrophobicity (S 0 ANS).
Total Sulfhydryl Amount
Total sulfhydryl amount (SH-amount) was measured according to the method of Ellman (1959) with some modifications. To a 0.25 mL aliquot of heated protein solution (2%), 3.0 mL of 0.05 M phosphate buffer (pH 6.0) containing 2% SDS, 1 mM EDTA, 3 M urea, and 0.25 mL of 5 mM 5,5'-dithiobis-2-nitrobenzoic acid (DTNB, pH 7.4) were added. After incubation for 45 min at RT, the color development of centrifuged samples (15 min, 8,965 g) was measured spectrophotometrically (Varian Analytical Instruments, Santa Clara, California) at 412 nm to calculate the SH-amount using an extinction coefficient of 13,600 M −1 cm −1 . Reagent blank was prepared by replacing the protein solution with 0.25 mL sodium phosphate buffer (pH 6.0, 50 mM) containing 0.6 M NaCl to correct for background absorbance of DTNB.
Statistical Analysis
All tests were performed at least in triplicate. Results are expressed as mean ± standard error. Statistical analysis was performed using IBM SPSS Statistics 22. The effect of muscle fiber type and isothermal temperature on G', S o ANS, and SH-amount was evaluated by 2-way ANOVA. There was a significant interaction between the 2 factors for every method. Therefore, the interaction term (2 muscles x 7 temperatures) was further analyzed by one-way ANOVA. A Tukey's post hoc test was performed, and a significance level of P < 0.05 was used to identify significant differences.
RESULTS AND DISCUSSION
Dynamic Viscoelastic Properties
G' and δ of white and red chicken myofibrillar proteins (CMP) during isothermal heating for 60 min at 7 different temperatures (20 to 80
• C) are shown in Figure 1 (A-G) . In all cases, G' > G" with δ < 45
• , indicating that all gels predominantly exhibit elastic properties. To get more insight into the effect of muscle fiber type and isothermal temperature, the rheological data of all treatments were statistically analyzed by determining G' at the end of isothermal heating, as shown in Figure 2 . A significant interaction (P < 0.05) between the effect of muscle fiber type and isothermal temperature for G' after isothermal heating (G' 60 min ) was found.
Effect of Muscle Fiber Type on Dynamic Viscoelastic Properties at 20, 30, and 40
• C. G' and δ of white and red CMP during isothermal heating at 20, 30, and 40
• C showed rather similar patterns ( Figure 1A , B, and C). Irrespective of the effect of muscle fiber type, an initial increase in G' and decrease in δ was observed, indicating the formation of a more elastic network. After 5 min, G' began to level off, while δ gradually decreased. However, the increase in G' during isothermal heating at 20, 30, and 40
• C was rather limited. No significant differences were found between white and red CMP at 20, 30, and 40
• C (Figure 2 ). The dynamic viscoelastic properties in this study of white CMP at 40
• C are in agreement with Xiong and Blanchard (1994b) , who showed that G' of white chicken myofibril suspensions steadily increased during isothermal heating at 40
• C for 70 min, while δ steadily decreased. Research about differences in dynamic viscoelastic properties during isothermal heating between white and red CMP at low temperatures (20 to 40
• C) is lacking; therefore, a comparison with literature could not be performed.
Effect of Muscle Fiber Type on Dynamic Viscoelastic Properties at 50
• C. Complex changes in G' and δ of white and red CMP during isothermal heating at 50
• C are shown in Figure 1D . Within the first 3 min, G' increased, rapidly reaching a maximum, then declined to a minimum, and again increased. In turn, δ showed a sharp decrease, then further slowly decreased, reaching a plateau. The multiple changes in G' reflect the different stages of unfolding and aggregation of myofibrillar proteins and indicate the changes in the rate of forming elastic gel networks (Xiong, 1992) . The dynamic viscoelastic properties in this study of white CMP at 50
• C are in agreement with the results of white chicken myofibril suspensions during isothermal heating at 49
• C of Xiong and Blanchard (1994b) . Multiple transitions were also observed around 50
• C during non-isothermal heating of CMP (Xiong, 1992; Xiong and Blanchard, 1994a) . In the present study, the sharp increase in G' is probably evidence of the transformation from a sol to a more elastic gel network, attributed to the denaturation of heavy meromyosin (HMM) and the resulting temporarily newly formed bonds between denatured myosin molecules in the temperature range of 45 to 55
• C (Xiong and Blanchard, 1994a) . The reduction in G' after reaching a maximum may result from the denaturation of light meromyosin (LMM), dissociation of the actin-myosin complex, and/or redistribution of intra-and intermolecular interactions Xiong, 1992) . The renewed increase in G' following the previous decline probably resulted from the formation of more permanent, irreversible filaments or complexes (Xiong, 1994) . During almost the entire isothermal process, the magnitude of G' of white CMP was higher than that of red CMP. However, no significant (P < 0.05) differences of G' at the end of the isothermal heating process at 50
• C were found between white and red CMP (Figure 2 ). also found no significant differences in G' at the end of isothermal heating of chicken pectoralis (white) and iliotibialis (red) myosin for 60 min at 50
• C, which is similar with our results.
Effect of Muscle Fiber Type on Dynamic Viscoelastic Properties at 60
• C. G' and δ of white and red CMP during isothermal heating at 60
• C are shown in Figure 1E , with a pattern rather similar to those observed at 20 to 40
• C ( Figure 1A , B, and C). However, the rate and especially the magnitude of G' development were different from the patterns observed at these lower temperatures. Irrespective of the muscle fiber type, an initial increase in G' and a sharp decrease in δ was observed, again indicating the formation of a more elastic network. After 10 min, G' leveled off and δ slightly increased for both white and red CMP (Fig 1E) . The increase in G' and decrease in δ during isothermal heating at 60
• C can probably be attributed to the formation of more permanent, irreversible filaments or complexes (Xiong, 1992; Xiong and Blanchard, 1994a) . Our results of white CMP agreed with Xiong and Blanchard (1994b) , who reported that G' of white chicken myofibril suspensions steadily increased during isothermal heating at 58 and 62
• C for 70 minutes. Research about the dynamic viscoelastic properties during isothermal heating of red CMP at high temperatures (above 55
• C) is lacking; therefore, a comparison with literature cannot be made. The rate in G' development for white CMP was fast during the first 5 min and then steadily decreased, while G' development of red CMP occurred more gradually during isothermal heating. Remarkably, after 16.9 minutes, G' of red CMP became slightly higher compared to white CMP. However, as seen in Figure 2 , no significant (P < 0.05) differences were found for G' 60min at 60
• C.
Effect of Muscle Fiber Type on Dynamic Viscoelastic Properties at 70
• C. Changes in dynamic viscoelastic properties of white and red CMP during isothermal heating at 70
• C are shown in Figure 1F . Until 35 min, the patterns of G' and δ for both white and red CMP were rather similar to the patterns seen during isothermal heating at 60
• C. Also, G' of white and red CMP were rather equal in magnitude after approximately 20 minutes. Nevertheless, this repeating phenomenon was nullified by a strong increase in G' and δ of white CMP at approximately 40 min, which was absent for red CMP. The initial increase in G' and decrease in δ during isothermal heating at 70
• C can probably be attributed to the formation of more permanent, irreversible filaments or complexes (Xiong, 1992; Xiong and Blanchard, 1994a) . Also, actin, the second major myofibrillar protein, starts to denature at 74
• C ( Kemp et al., 2009 ). Xiong (1992) suggested that actin probably did not exhibit a complex unfolding and aggregation process because no apparent transitions in δ were seen above 55
• C; however, these observations were established during non-isothermal heating. Yet, in our study, for white CMP, the increase in δ after 40 min isothermal heating at 70
• C is postulated to be the result of the denaturation of actin, which probably forms filaments with the already present filaments of myosin and possibly with other actin molecules, which further increases the elasticity of the network. These 2 eventsdenaturation of actin with related increase in δ and further formation of a gel network between denatured actin and myosin with related increase in G', which was not observed for red CMP -were very rare and never seen in literature. Unfortunately, our results could not be compared with the development of G' of white chicken myofibril suspensions in the study of Xiong and Blanchard (1994b) , because in their study, dehydration of the samples occurred after 30 min isothermal heating at 65 and 70
• C. G' 60min at 70 • C was found to be significantly (P < 0.05) higher in white CMP than in red CMP, probably due to the strong increase in G' and δ after 40 min, which was not seen for red CMP. Actin, like myosin, also exists in multiple isoforms (Herman, 1993) . The rather striking differences in dynamic viscoelastic properties seen at 70
• C ( Figure 1F) were possibly attributed to different actin isoforms present in white and red CMP. 
Effect of Muscle Fiber Type on Dynamic Viscoelastic Properties at 80
• C. Changes in dynamic viscoelastic properties of white and red CMP during isothermal heating at 80
• C are shown in Figure 1G . Irrespective of the muscle fiber type, G' increased and δ decreased during the first 10 minutes. Next, a strong increase in G' and δ was observed for both white and red CMP, as seen for white CMP at 70
• C, which again possibly indicated the denaturation of actin.
Noteworthy is that for red CMP, G' was higher than for white CMP throughout the process. However, G' 60min at 80
• C of red CMP was not found to be significantly (P < 0.05) higher than G' 60min of white CMP. The differences in dynamic viscoelastic properties seen at 80
• C ( Figure 1G ) were possibly attributed to different actin isoforms present in white and red CMP.
Effect of Isothermal Temperature on the Dynamic Viscoelastic Properties of White and Red CMP. As seen in Figure 2 , isothermal temperatures between 20 and 40
• C did not affect G' 60min significantly. At 50 • C, a slight increase in G' 60min could be observed. Several authors agreed that during non-isothermal heating of myofibrillar proteins, the increase in G' due to the formation of more permanent, irreversible filaments or complexes (after the peak around 50
• C) is suggested to be an irreversible process involving several protein interactions. The slight increase in G' 60min at 50
• C could be due to the start of this irreversible process. A stronger increase in G' 60min was observed at higher temperatures, which was significant (P < 0.05) at 70
• C for white CMP and at 80
• C for red CMP. This increase was presumably due to the denaturation of actin, and the difference in temperature at which this occurs may be attributed to the different isoforms of actin present in white and red CMP.
As mentioned in the introduction, the gel network formation by aggregation is believed to play a more direct role in protein gelation (Lésiow and Xiong, 2001 ). To get more insight in this aggregation mechanism, SDS-PAGE was performed.
SDS-PAGE
SDS-PAGE was performed to determine the myofibrillar protein composition of the white and red muscle types used in this study, and to investigate protein aggregation after isothermal heating at different temperatures. Electrophoretic patterns are shown in Figure 3 . Samples were centrifuged after the isothermal heat treatment, precipitating aggregated proteins. The remaining supernatant was separated from the precipitate and further analyzed to substantiate which part of the myofibrillar proteins were involved in the aggregation process.
Effect of Isothermal Temperature
Protein patterns of unheated (20 • C) white and red CMP were similar to the patterns of chicken white and/or red myofibrillar proteins/myofibril suspensions observed in literature (Xiong, 1992; Xiong and Blanchard, 1994a, b) , with the most important bands being myosin heavy chain (MHC) and actin, respectively, approximately 200 and 45 kDa (Xiong et al., 1987) . Irrespective of the muscle fiber type, protein solubility was unchanged after 60 min isothermal heating from 20 to 40
• C. After isothermal heating at 50 • C, both bands of MHC and actin started to diminish drastically, and MHC disappeared after isothermal heating at 60 and 70
• C. Overall, heating to temperatures > 50
• C showed that apart from MHC and actin, almost all other myofibrillar proteins (>25 kDa) available for interactions disappeared. However, some small proteins (<25 kDa) remained in the supernatant at all temperatures studied. From 50-80
• C, partial denaturation and protein-protein interactions resulting in aggregation were expected (Xiong and Blanchard, 1994b) . Xiong and Blanchard (1994b) investigated the aggregation process of white chicken myofibril suspensions, heated non-isothermally to specific temperatures (ranging from 20 to 65
• C). In their study, protein solubility was unchanged in heating from 20 to 40
• C and markedly decreased from 40 to 45
• C, reaching a minimum at 50
• C. After heating to 50 • C, MHC and actin became totally insoluble and formed sediments while other proteins such as tropomyosin, troponin-T and -I, and myosin light chains remained in the supernatant, probably not participating in the aggregation process (Xiong & Blanchard, 1994b) , which is more or less in accordance with our results.
Effect of Muscle Fiber Type
Electrophoretic patterns of white and red CMP were rather similar, irrespective of the isothermal temperature studied. The intensity of the red CMP was slightly lower compared to white CMP for every temperature studied, probably due to the lower solubility of red CMP compared to white CMP (Xiong and Blanchard, 1994a) . For white CMP, actin was still slightly present after isothermal heating from 60 to 80
• C while for red CMP, actin totally disappeared from 60 to 70
• C. After isothermal heating at 80
• C, MHC and actin of red CMP seemed to reappear in the supernatant, which was not seen for white CMP (Figure 3) . No studies compared white and red CMP by SDS-PAGE after (isothermal) heating at different temperatures, so a comparison with literature could not be performed. The rather similar patterns between white and red CMP, indicate that protein composition as well as possible participation of these proteins during aggregation was not strongly affected by the muscle fiber type. Therefore, it is postulated that the different dynamic viscoelastic properties are the result of different myofibrillar isoforms present between the 2 muscle fiber types. Different protein conformations are possibly related to different reactive groups present and consequently different interactions involved in the thermal gelation process.
To further clarify the interactions involved during aggregation, S o ANS as well as SH-amount were investigated upon isothermal processing.
Aromatic Surface Hydrophobicity
Changes in aromatic surface hydrophobicity (S o ANS) of white and red CMP after 60 min isothermal heating at different temperatures (20 to 80
• C) are shown in Figure 4 . In this study, a significant interaction (P < 0.05) between the effect of muscle fiber type and isothermal temperature on S o ANS was observed.
Effect of Isothermal Temperature on S o ANS. As seen in Figure 4 , isothermal temperature had an important impact on S o ANS of both muscle fiber types. Multiple linkages stabilize the secondary and tertiary structure of myofibrillar proteins. Heating presumably induces rupture of these linkages, causing the proteins to partially unfold and expose its hydrophobic groups (Lin and Park, 1998) . For both muscle fiber types, S o ANS slowly increased with increasing temperature and significantly (P < 0.05) increased at 50
• C for white CMP, and at 40
• C for red CMP. This indicates that with increasing temperature, hydrophobic groups became accessible at the surface of the CMP, becoming more available for hydrophobic interactions, which could lead to aggregation. Boyer et al. (1996b) also observed an increase in S o ANS during non-isothermal heating of rabbit myofibrillar proteins with different muscle fiber types. Other studies showed an increase in surface hydrophobicity during non-isothermal heating of different fish myofibrillar proteins, with for every species of fish, a different progress in hydrophobicity (Benjakul et al., 2001; Yongsawatdigul and Park, 2003; Sankar and Ramachandran, 2005) .
Effect of Muscle Fiber Type on S o ANS. As seen from Figure 4 , S o ANS of red CMP was significantly (P < 0.05) higher at 40 and 50
• C than white CMP. Overall, S o ANS of red CMP was higher than white CMP for all studied isothermal temperatures. This suggests that red CMP hydrophobic groups were more available for hydrophobic interactions during isothermal gelation. Benjakul et al. (2001) and Sankar and Ramachandran (2005) also observed differences in surface hydrophobicity during heating of fish myofibrillar proteins between 2 species of Bigeye snapper and 3 species of Indian major carps, respectively. It is postulated that the difference in S o ANS between white and red CMP is possibly due to the existence of different myofibrillar isoforms between the 2 muscle fiber types. The reactive aromatic hydrophobic groups of the present isoforms probably were exposed in different ways during heating, resulting in differences in S o ANS values.
Total Sulfhydryl Amount
Changes in total SH-amount of white and red CMP after 60 min isothermal heating at different temperatures (20 to 80
• C) are shown in Figure 5 . In this study, a significant interaction (P < 0.05) of the effect of muscle fiber type and isothermal temperature on the SH-amount was observed.
Effect of Isothermal Temperature on SH-amount. From Figure 5 , it is clear that isothermal temperature had an important impact on the total SH-amount of both muscle fiber types. Irrespective of the muscle fiber type, SH-amount remained constant at low temperatures (20 to 50
• C) and decreased with increasing isothermal temperatures (60 to 80
• C). The results in this study concerning the decrease in SHamount at higher temperatures strongly suggest that thermally exposed sulfhydryl groups of white and red CMP were oxidized to disulfide bonds, starting from 60
• C. Several other authors also observed a decrease in total SH-amount of myofibrillar proteins from fish or meat during non-isothermal heating (Smyth et al., 1998; Benjakul et al., 2001; Yongsawatdigul and Park, 2003; Sankar and Ramachandran, 2005) . Regarding fish myofibrillar proteins, a decrease in SH-amount was observed in the early temperature range of 35 to 45
• C (Benjakul et al., 2001; Yongsawatdigul and Park, 2003; Sankar and Ramachandran, 2005) . This could be due to the fact that fish proteins are thermally less stable than mammal or poultry proteins (Sikorski et al., 1994) . Smyth et al. (1998) observed that disulfide formation of chicken white myosin was important in the temperature range of 47 to 53
• C. This could be due to the use of different proteins used by Smyth et al. (1998) , namely, myosin instead of myofibrillar proteins used in this study. There is no research about disulfide formation during isothermal heating experiments.
Effect of Muscle Fiber type on SH-amount From Figure 5 , it can be seen that the SH-amount was significantly (P < 0.05) higher for red CMP, irrespective of the isothermal temperature, although the effect was less pronounced at the higher temperature range from 60 to 80
• C. At 60 • C, an approximately 33% decrease in SH-amount compared to 50
• C was observed for red CMP in comparison with an approximately 25% decrease in SH-amount for white CMP. From 60 to 80
• C, the SH-amount of both red and white CMP further decreased with approximately 35% and 15%, respectively ( Figure 5 ). This may indicate that the higher amount of sulfhydryl groups from red CMP was more prone to disulfide formation. Benjakul et al. (2001) and Sankar and Ramachandran (2005) also observed differences in the disulfide formation during non-isothermal heating of myofibrillar proteins between 2 species of Bigeye snapper and 3 species of Indian major carps, respectively. The different oxidation patterns of sulfhydryl groups from white and red CMP could be hypothesized by 2 possible explanations. On the one hand, on the surface of F-actin, sulfhydryl groups may compete with sulfhydryl groups on the myosin molecule for the oxidation into disulfides (Jiang et al., 1989) . Hence, different actin isoforms between white and red CMP might lead to the differences in oxidation patterns of sulfhydryl groups. On the other hand, due to the existence of different myosin isoforms between white and red CMP, it could be that the structural difference in myosin from the red muscle fiber type occurred in the way that oxidation to disulfides was facilitated, leading to more intermolecular disulfide bonds compared to the white muscle fiber type.
Possible Gelation Mechanism
Information about gelation properties of isoform associated myofibrillar proteins during isothermal heating, and possible interactions involved, is scarce and limited in methods used or temperatures studied. Therefore, a proposed gelation mechanism during isothermal heating of white and red CMP is given:
From 20 to 40
• C, irrespective of the muscle fiber type, a small increase in G' 60min was observed. This small increase was, however, not associated with aggregation because no changes in SH-amount were obtained ( Figure 5 ), and S o ANS was rather low in comparison with higher temperatures studied (Figure 4) . Also, electrophoretic patterns of both white and red CMP suggest that between 20 and 40
• C, no aggregation was observed, as the solubility of all myofibrillar proteins remained unaltered in this temperature region (Figure 3) . Due to the rather low differences in dynamic viscoelastic properties at low temperatures (Figure 1 A-C) between white and red CMP, it is postulated that the rather small differences were due to the different morphology between both muscle types.
At 50
• C, the first aggregation phenomena were observed in the electrophoretic patterns as protein bands started to diminish (Figure 3) , which was reflected in a slight increase in G' 60min (Figure 2) . A further increase in S o ANS was found, suggesting further protein unfolding and the potential formation of hydrophobic interactions between proteins. No changes in SH-amount were observed after isothermal heating at 50
• C (Figure 5 ), suggesting that no disulfide bonds were formed in this temperature range.
At 60
• C, a first and significant decrease in SHamount was observed for both muscle fiber types, suggesting the involvement of disulfide bonds in this temperature range ( Figure 5) . Also, at 60
• C, almost all proteins disappeared in the electrophoretic patterns of both white and red CMP (Figure 3 ), indicating that most CMP participated in the aggregation process, presumably via disulfide formation, possibly in combination with hydrophobic interactions.
At 70 and 80
• C, high S o ANS values (Figure 4 ) strongly indicated the involvement of hydrophobic interactions in gel formation. Also, a maximum decrease in SH-amount and therefore increase in disulfide bonds were observed for both white and red CMP (Figure 5 ), indicating the contribution of disulfide linkages in the formation of the gel network. Again, the disappearance of several proteins in the electrophoretic patterns at high temperatures for both white and red CMP strongly suggest that most myofibrillar proteins aggregated (Figure 3) , which was also confirmed by the clear gel formation at these temperatures ( Figure 1F-G) . A strong increase in G' 60min at 70 and 80
• C was observed, which was significant for white CMP at 70
• C, and significant for red CMP at 80
• C. This increase was probably due to the denaturation/aggregation of actin. However, based on the results of S o ANS and SH-amount alone, there was no clear explanation for the different temperature at which the increase in G' 60min appeared for white or red CMP. This was maybe due to the different isoform of actin in white and red CMP. This is the first comparative study that described the importance of hydrophobic interactions and disulfide formation during the aggregation process and its impact on rheological properties of white and red CMP during isothermal heating. In contrast to the majority of the literature available, in which dynamic heating conditions were applied, gelation was studied during prolonged isothermal heating, revealing some interesting insights. If heated sufficiently long, actin is suggested to have a major influence on the gelation properties of CMP and its contribution was even isoform dependent (70
• C for white and 80
• C for red CMP). To the best of our knowledge, these events have not been described in literature before.
These insights help to understand structure formation in meat products during thermal processing. More specifically, quality characteristics of poultry products can be steered through intelligent choice of meat raw materials [white (chicken breast) vs. red (chicken leg) muscle fiber type] and thermal processing conditions.
